Context. Previous works have demonstrated that the generation of secondary CMB anisotropies due to the molecular optical depth is likely too small to be observed. In this paper, we examine additional ways in which primordial chemistry and the dark ages might influence the CMB. Aims. We seek a detailed understanding of the formation of molecules in the postrecombination universe and their interactions with the CMB. We present a detailed and updated chemical network and an overview of the interactions of molecules with the CMB. Methods. We calculate the evolution of primordial chemistry in a homogeneous universe and determine the optical depth due to line absorption, photoionization and photodissociation, and estimate the resulting changes in the CMB temperature and its power spectrum. Corrections for stimulated and spontaneous emission are taken into account. Results. The most promising results are obtained for the negative hydrogen ion H − and the HeH + molecule. The free-free process of H − yields a relative change in the CMB temperature of up to 2 × 10 −11 , and leads to a frequency-dependent change in the power spectrum of the order 10 −7 at 30 GHz. With a change of the order 10 −10 in the power spectrum, our result for the bound-free process of H − is significantly below a previous suggestion. HeH + efficiently scatters CMB photons and smears out primordial fluctuations, leading to a change in the power spectrum of the order 10 −8 . Conclusions. We demonstrate that primordial chemistry does not alter the CMB during the dark ages of the universe at the significance level of current CMB experiments. We determine and quantify the essential effects that may contribute to changes in the CMB and leave an imprint from the dark ages, thus constituting a potential probe of the early universe.
Introduction
The cosmic microwave background (CMB) is one of the most powerful tools of high-precision cosmology, as it allows one to determine the cosmological parameters, the power spectrum of initial fluctuations and various other quantities. It is thus important to have a detailed theoretical understanding of all effects that have a potential influence on CMB measurements. Following the WMAP 3 year and 5 year results (Spergel et. al., 2007; Hinshaw et al., 2008; Komatsu et al., 2008 ) that confirmed our standard picture of cosmology, we are looking forward to the precise measurement that will be performed with Planck 1 in only a few years. The measurement of the electron scattering optical depth allows one to constrain the effective reionization redshift and yields indirect information about an epoch that cannot yet be observed. Recalling that the cross sections of bound electrons can be larger by orders of magnitude compared to the cross section of free electrons, the optical depth due to molecules may provide information on the dark ages 1 http://www.rssd.esa.int/index.php?project=planck of the universe, in spite of the small molecular abundances. In fact, the early work of Maoli et al. (1994) suggested that the molecular opacities could smear out CMB fluctuations on the scale of the horizon, and at the same time create new secondary fluctuations due to the interaction with the velocity fields which are present in proto-clouds in the dark ages. This work had the intention to explain why no CMB fluctuations had been observed at that time.
Since then, there has been considerable progress both in the understanding of chemical processes in the early universe and the molecular abundances, as well as in the interaction of molecules with the CMB and the generation of spectral-spatial fluctuations. While recombination was originally examined by Peebles (1968) and Zel'dovich, Kurt and Sunyaev (1969) , and improved in several follow-up works (Matsuda, Sato and Takeda, 1971; Jones and Wyse, 1985; Sasaki and Takahara, 1983 ) based on analytic methods, today's computers allow a detailed treatment of the recombination process based on a reaction network that takes into account hundreds of energy levels for H, He and He + , as in the work of Seager, Sasselov and Scott (Seager, Sasselov and Scott, 2000) . A simplified code reproducing the results of this detailed calculation is given by Seager, Sasselov and Scott (SSS) . In a recent series of papers, Switzer and Hirata (2007a,b,c) considered the recombination of helium in great detail. Deviations of the CMB spectrum from a pure blackbody have also been considered in various works. Dubrovich (1975) considered the effect of hydrogen recombination lines. Rubiño-Martín, Sunyaev (2006, 2007) examined distortions due to helium and hydrogen lines in more detail, and Chluba and Sunyaev (2006) examined distortions due to the two-photon process. Sunyaev and Zel'dovich (1972) describe the rich physics involved in the recombination process in great detail, and Wong, Moss and Scott (2007) give a good overview of recent improvements and uncertainties regarding the recombination process.
Here, the main focus is on the postrecombination universe and possible imprints in the CMB from this period. The formation of H 2 during the dark ages has already been discussed by Saslaw and Zipoy (1967) . A more detailed treatment of molecules has been performed by Puy et al. (1993) , Stancil, Lepp and Dalgarno (SLD98) and by Galli and Palla (GP98) . A useful collection of analytic formulae for estimating the abundance of various molecules after recombination was given by Anninos and Norman (Anninos and Norman, 1996) . Recently, this problem was re-examined by Puy and Signore (PS07) , and Hirata and Padmanabhan (HP06) examined H 2 formation in more detail, taking into account the effects due to non-thermal photons.
Regarding the interaction of molecules with the CMB, the effects of various molecules due to their optical depths have been considered by Dubrovich (1994) . The enhancement of spectral-spatial fluctuations due to the luminescence effect, which is well-known from stars in reflection nebulae, has also been discussed by Dubrovich (1997) . Observational prospects for Herschel and ODIN have been discussed by Maoli et al. (2005) , and the relevance for Planck has been assessed by Dubrovich et al. (2007) . The effects discussed were based on smear-out of primary CMB fluctuations due to the molecular optical depth and the generation of secondary anisotropies due to scattering with proto-objects in the universe. Mayer and Duschl (2005) provided a recent overview of different processes that may contribute to the opacity in primordial gas, and derived Rosseland and Planck mean opacities. Black (2006) recently considered the influence of the boundfree transition of the negative hydrogen ion on the CMB, and found an optical depth of more than 10 −5 at 10 cm −1 , which would have interesting implications for Planck and other CMB experiments. This contributed to our original motivation to examine this and other effects in more detail. As we will show below, however, the optical depth is due to H − bound-free transitions is much smaller than reported by Black (2006) , and must in addition be corrected for stimulated and spontaneous emission. On the other hand, there are other effects from H − and HeH + that are close to observational relevance.
From a numerical point of view, the pioneering work of Anninos et al. (1997) provided a flexible and easily extendible scheme that is still widely used in state-of-the art simulations of the early universe, and which is also adopted in the public version of the Enzo code (O'Shea et al., 2004; Bryan et al., 1995; Norman et al., 2007) 2 . This scheme is extended here to account for effects during recombination and the evolution of primordial chemistry in the homogeneous universe. We further provide an extended overview of the essential processes that may influence the CMB, determine the contributions from the most relevant species, and discuss the possibilities for detection with the Planck satellite. In section 3, we present the general picture regarding the formation of the first molecules in the universe and give some analytic estimates for the abundances. In section 2, we provide a general discussion of the potential effects of primordial chemistry on the CMB. In section 4, we present the chemical network for our calculation, which includes some new rates for the HeH + molecules that are given in the appendix. Section 5 explains the numerical algorithm for the chemical network, and section 6 presents the model abundances as a function of redshift. In section 7, we explain our treatment of the different species and discuss the observational implications. Further discussion and outlook is provided in section 8.
Imprints from primordial molecules on the CMB
The interaction with the CMB is crucial to determine the evolution and abundance of primordial molecules, and conversely, this interaction may also leave various imprints on the CMB photons while they travel through the dark ages. The most obvious imprint on the CMB is probably a frequency-dependent change in the observed CMB spectrum I(ν) due to absorption by a species M. An upper limit on this effect is given by
where B(ν) denotes the unaffected CMB spectrum and the optical depth τ M (ν) of species M at an observed frequency ν is given by an integration over redshift as
where σ M (ν) is the absorption cross section of the considered species as a function of frequency, n M the number density of the species, n H,0 the comoving hydrogen number density, c the speed of light, H 0 Hubble's constant, f M the fractional abundance of the species relative to hydrogen, and z f the redshift at which it starts to form efficiently. Such an optical depth can be provided by resonant line transitions from molecules with high dipole moments like HeH + and HD + , free-free processes or photodestruction of species like H − , He − or HeH + , which have a relatively low photodissociation threshold. However, Eq. 1 gives only an upper limit because absorption can be balanced by inverse processes (spontaneous and stimulated emission). A better estimate can be obtained by introducing an excitation temperature T ex defined by
where n u and n l denote the population of the upper and the lower level, g u and g l are the corresponding statistical weights 3 and k is Boltzmann's constant. The excitation temperature is essentially determined by the ratio of collisional and radiative deexcitations. For molecules with non-vanishing dipole moments, the de-excitation is dominated by radiative transitions, and the level populations are in equilibrium with the radiation temperature. The frequency-dependent change in the radiation temperature is given by
This expression indicates a major obstacle for the detection of primordial molecules: those species with high dipole moments and thus high cross sections have an excitation temperature which is very close to the temperature of the CMB, while species with low dipole moments have a very low optical depth. Molecular resonant line transitions are thus unlikely to lead to a non-negligible net change in the radiation temperature. For photodestruction processes, this is different because the destruction is regulated by the CMB temperature, while the inverse formation processes are governed by the gas temperature. Thus, photodestruction can lead to a net change in the number of CMB photons. The same is true for free-free processes, which emit a blackbody spectrum according to the gas temperature, but absorb the spectrum of the radiation field.
In addition, as discussed by Maoli et al. (1994) , the optical depth from primordial molecules may smear out primary fluctuations in the CMB if the optical depth acts in a way that effectively scatters the CMB photons. This is possible even in a situation where stimulated and spontaneous emission balance the absorption of molecules, such that there is no net change in the number of photons. It is thus somewhat complementary to the effect discussed above. However, it must be noted that it requires spontaneous emission to be important, as stimulated emission does not change the direction of the photons, and does not provide a mechanism for scattering. We thus emphasize the importance to correct for stimulated emission. As shown by Basu, Hernández-Monteagudo and Sunyaev (2004) for small angular scales, such an optical depth (corrected for stimulated emission) then leads to a change in the power spectrum given by
where the C l 's are the usual expansion coefficients for the observed power spectrum. As discussed by Maoli et al. (1994) , such scattering processes can in addition generate secondary anisotropies which are proportional to the optical depth of the scattering processes. However, this effect is suppressed by more than three orders of magnitude, as it is also proportional to the ratio of the peculiar velocity to the speed of light. Dubrovich (1997) discussed the luminescence effect of various molecules which could potentially amplify the generation of secondary anisotropies. Based on the new abundances found in this work, we will give a basic estimate of this effect in section 8. Basu (2007) considered in addition the effects of emission from molecules like HD and LiH + , as HD in particular is an important coolant in cold primordial gas. Unfortunately, the effect seems to be negligible.
Recombination and the formation of molecules in
the early universe
Hydrogen recombination
Various approaches exist to calculate the time evolution of the ionized hydrogen fraction during recombination. The traditional approach is based on solving one single ordinary differential equation for the ionization degree x e , which can be done using the approximation of an effective three-level-atom. This was first done by Peebles (1968) , and an improved version of this equation was derived by Jones and Wyse (1985) . This treatment was based essentially on the following assumptions:
-It is sufficient to take into account only hydrogen (helium is not considered). -Collisional processes are outweighted by radiative processes and may be ignored. -The relative populations of the excited fine structure states are thermal. -Recombination and photoionization rates to and from higher states are related by Saha's formula. -Any such recombination cascades down to settle in the first excited state. -The level populations obey n 1s ≪ n 2s , with n 1s the number density of hydrogen atoms in the ground state and n 2s the corresponding density for the 2s state. -Each net recombination gives rise to a Lyman-α photon or two others of lower energy. Seager, Sasselov and Scott (2000) presented a very detailed calculation independent of these a-priori assumptions, treating helium and hydrogen as multi-level atoms with several hundred levels and evolving one ordinary differential equation (ODE) for each level, using a self-consistent treatment of the radiation field and its interaction with matter, which effectively leads to a speed-up of recombination. To allow the integration of their new method in other cosmological applications like CMBFAST (Seljak and Zaldarriaga, 1996) , SSS produced a simplified version of this code which is capable of reproducing the results of the full multilevel treatment. This simplified code, RECFAST 3 , solves three ODEs for the ionized hydrogen fraction x p , the ionized helium fraction x He and the gas temperature T. These ODEs are parametrized so as to reproduce the speed-up in the recombination process. In this paper, we make use of the ODE solving for the ionized hydrogen fraction, which is given by
In this equation, n H is the number density of hydrogen atoms and ions, h p Planck's constant and the parametrized case B recombination coefficient for atomic hydrogen α H is given by
with a = 4.309, b = −0.6166, c = 0.6703, d = 0.5300 and t = T/10 4 K, which is a fit by Péquignot et al. (1991) to the coefficient of Hummer (1994) . This coefficient takes into account that direct recombination into the ground state does not lead to a net increase of neutral hydrogen atoms, since the photon emitted in the recombination process can ionize other hydrogen atoms in the neighbourhood.
The fudge factor F = 1.14 serves to speed up recombination and is determined from comparison with the multilevel-code. The photoionization coefficient β H is calculated from the recombination coefficient as
3/2 exp(−h p ν H,2s /kT ). The wavelength λ H,2p corresponds to the Lyman-α transition from the 2p state to the 1s state of the hydrogen atom. The frequency for the two-photon transition between the states 2s and 1s is close to Lyman-α and is thus approximated by ν H,2s = c/λ H,2p , where c is the speed of light (i.e., the same averaged wavelength is used). Finally, Λ H = 8.22458 s −1 is the two-photon rate for the transition 2s-1s according to Goldman (1989) , H(z) is the Hubble factor and
] the cosmological redshifting of Lyman α photons.
H 2 chemistry
Due to the expansion of the universe, not all of the free electrons will recombine with protons. Instead, a freeze-out occurs, as recombination becomes less efficient at lower densities. The freeze-out abundance of free electrons was fitted by Peebles (1993) as
for cosmologies with total mass density parameter Ω 0 , baryonic density parameter Ω b and h is the Hubble constant in units of 100 km/s/Mpc. There is no contribution from helium to the free electron fraction, as helium recombines very early. The free electron fraction leads to the formation of molecules and ions like H − and H + 2 . As discussed by Anninos and Norman (1996) and Anninos et al. (1997) , their abundances can be calculated by assuming chemical equilibrium, as their formation and destruction timescales are much shorter than the Hubble time. This yields the approximate expressions
The matter temperature can be calculated by assuming that at z > 200 it is the same as the radiation temperature, owing to efficient coupling of the temperatures through the Compton scattering of CMB photons off the residual free electrons, while at z < 200, where this coupling becomes ineffective, it evolves as for a simple adiabatic expansion (Sunyaev and Zel'dovich, 1972; Anninos and Norman, 1996) . So (11) with T 0 = 2.726 K is the CMB temperature at z = 0 (Fixsen & Mather, 2002) . At redshifts z ≥ 100, H − is efficiently photodissociated by the CMB and H 2 is mainly formed by the process H + 2 +H → H 2 +H + . Assuming that H + 2 is formed most efficiently at redshift z 0 = 300 without being photo-dissociated by the CMB and that the hydrogen mass fraction is given by f H = 0.76, one obtains for the H 2 abundance (Anninos and Norman, 1996) 
Deuterium chemistry
The HD abundance is mainly determined by the deuteration of hydrogen molecules (i. 
when expression (8) is used. The abundance of neutral deuterium atoms n D can be determined by assuming that deuterium is almost fully neutral, i. e.
where f D is the total mass fraction of deuterium, m D the mass of one deuterium atom, ρ c = 3H 2 0 /8πG the critical density and G is Newton's constant. It is clear from expression (13) that the abundance of D + drops exponentially at low temperatures. Direct deuteration of molecular hydrogen can thus only occur at redshifts where the exponential term is still of order one, before the exponential fall-off becomes significant. We thus evaluate the relative abundance at redshift 90. For both the formation and the destruction process HD + H + → H 2 + D + , we estimate the rates with the simple expressions of GP98. Again, we emphasize that more detailed numerical calculations should use the rates given in the appendix. The abundance is then given at z = 90 as
As there is no efficient destruction mechanism for HD at lower redshifts, the fractional abundance remains almost constant for z < 90.
HeH + chemistry
As we will show below in more detail, chemical equilibrium is also an excellent approximation to determine the abundance of HeH + . For the rates presented in GP98, the process of stimulated radiative association of H + and He dominates over the nonstimulated rate. With the new rates presented in appendix B, we find that both rates roughly coincide for gas temperatures greater than 10 K. Thus, for an analytic estimate, we approximate the combined formation rate through stimulated and non-stimulated radiative association by taking twice the rate for non-stimulated radiative association. The dominant destruction process at low redshifts is charge-exchange via HeH + + H → He + H + 2 , which yields for chemical equilibrium Yoshida et al. (2006) . Our compilation for the H 2 formation rates is similar, but we do not include all of their three-body-processes, as they are not relevant in the low-density regime explored here. Also, we keep those modifications for low temperatures that were originally given by AAZN97. The ionized fraction of hydrogen is not determined by solving rate equations, but from the RECFAST code of SSS. The photodissociation rates for most of the hydrogen species are those of GP98. For the photodissociation of H + 2 , we use the rate from their standard model, which assumes that the the levels of the molecule are populated according to LTE. Since the H + 2 level populations will be strongly coupled to the CMB at the redshifts at which H + 2 photodissociation is significant, this assumption is more reasonable than using a rate that assumes that H (Pedersen et al., 2005; Buhr et al., 2007) , which found a similar effect for dissociative excitation with helium isotopes.
Photodissociation of H 2 by the Solomon process (reaction 20; Stecher and Williams, 1967 ) is calculated following the procedure described in GJ07, with the assumption that the rotational and vibrational levels of H2 have their LTE level populations.
In a recent work of Capitelli et al. (CCDL07) , it was shown that the reaction rate for the process H 2 + e → H − + H is larger by several orders of magnitude than the rate given by GP98. This is because they include the vibrational levels of molecular hydrogen in their calculation, and find that the excited vibrational levels cannot be neglected for this process. The change in the order of magnitude, however, does not lead to a significant change in the results, as this rate is multiplied by the rather small densities of molecular hydrogen and free electrons.
The hydrogen and helium chemistry is almost completely decoupled, as can be seen from the small rates for the charge exchange reactions 50 and 51. Their main interaction is via the HeH + molecule. Owing to its relatively high contribution to the optical depth for the CMB, we have included this molecule in our chemical network and present some new rate coefficients for it in the appendix. The molecule HD gives a contribution to the cooling and is mainly formed through by the deuteration reactions 30 and 32, but there are also contributions from reactions 31, 43 and 44, involving HD + , D − and H − . For the formation of deuterated molecules, it is therefore important to determine the ionized fraction of deuterium, which is given through the charge exchange reactions 27 and 28. Our deuterium network is inspired by the compilation of Nakamura and Umemura (2002).
The main difference compared to the deuterium network of GP98 is the detailed treatment of D − . We have added reaction 44, estimating its rate from reaction 43, thus also considering the contribution of H − . Also, reactions 27 and 28 are calculated from the revised rates of Savin (2002) . As the fit provided by Savin (2002) for the rate of reaction 27 becomes negative for T < 2.5 K, it is set to zero at these temperatures 4 . For temperatures larger than 200 K, the revised set of deuterium rates of Galli and Palla (GP02) are used. For lower temperatures, however, some of the new rates show unphysical divergences. In these cases, we use the rates from GP98 when the temperature drops below 200 K.
The numerical algorithm
To determine the evolution of primordial molecules in the early universe, we have employed the chemical network of the Enzo code (O'Shea et al., 2004; Bryan et al., 1995; Norman et al., 2007) and extended the numerical approach developed by Anninos et al. (1997) for primordial chemistry to determine the chemical evolution of the homogeneous universe. The main issue was the calculation of the ionization fraction, which is determined by complex interactions between the CMB and the ground state as well as the excited states of atomic hydrogen, and which goes beyond typical applications of primordial chemistry. We thus included the RECFAST code of SSS as a subroutine for this calculation. For the deuterium and helium species as well as the molecules, however, we use the first order backwards differencing (BDF) method developed by Anninos et al. (1997) . The chemical timestep is set to 1% of the hydrodynamical timestep. The latter is given by ∆t hydro = η(∆x/c s ), where ∆x is the cell size, c s is the sound speed and η is a safety factor, here taken to be 0.5. This proved sufficient to resolve the relevant chemical timescales, and simulations performed with even smaller timesteps gave identical results. The rate equations for the species i are given in the form
where D i and C i are the destruction and creation coefficient for species i, respectively, which in general depend on the number densities of the other species and on the radiation field. Equation 16 is discretized and the right-hand-side is evaluated at the new timestep, yielding
This can be solved for n new i :
The coefficients D are in general not known, but can be approximated using the species densities from the old timestep, and those species from the new timestep which have already been evaluated. Anninos et al. (1997) has argued that H − and H + 2 can even be evaluated assuming chemical equilibrium, since their reactions rates are much faster than those of the other species. Assuming some species j in chemical equilibrium essentially means thatṅ j = 0, yielding In our chemical model, we have some additional species which have sufficiently fast reaction rates: HeH + , D − and HD + . To check the validity of this assumption, we calculate the formation of molecules in two simulations: one using the non-equilibrium prescription (18) for all species, and one using the equilibrium description (19) for the species with fast reaction rates. The results are presented in section 6 and confirm that the abundances of these species can be derived assuming chemical equilibrium.
The BDF method is not a fully implicit numerical scheme, as several of the destruction and creation mechanisms must be approximated using the species densities from the previous timestep. However, we found that it is stable when the ionized fraction is provided from RECFAST. For consistency checks, we have varied the chemical timestep and explicitly ensured mass conservation for hydrogen, helium and deuterium, yielding consistent results. Note that mass conservation, charge conservation and positivity must be ensured as described by Anninos et al. (1997) if the ionized fraction is not provided from an independent routine.
We summarize the numerical algorithm in the following way:
-Loop over the chemical timestep t chem = 0.01t hydro until the species have been evolved through the total hydrodynamical timestep. -Update the temperature and the abundances of H, H + and e with RECFAST.
-Calculate the abundances of the atomic and ionized helium species using the non-equilibrium prescription (18) 1.21 × 10 −9 Table 2 . Freeze-out of free electrons, H 2 and HD for different cosmologies at z=10. Results of other authors and the analytic approximations are included for comparison. WMAP3 + SDSS refers to the cosmological parameters derived from the combined set of WMAP 3 + SDSS data (Spergel et. al., 2007) . (PS07; HP06; SSS) also refer to ΛCDM universes, while (GP98) refer to a flat CDM universe. Table 3 . Freeze-out of D + and HeH + for different cosmologies at z=100. Results of other authors and our analytic approximations are included for comparison. WMAP3 + SDSS refers to the cosmological parameters derived from the combined set of WMAP 3 + SDSS data (Spergel et. al., 2007) . (PS07; HP06; SSS) also refer to ΛCDM universes, while (GP98) refer to a flat CDM universe.
Results from the molecular network
marginal changes in the results for the recently published WMAP 5-year data, as the cosmological parameters did not change significantly (Komatsu et al., 2008) . We have performed the calculation for the HD cooling functions of GP98, FBPR and LLA05, and find that the results are not sensitive to this choice. For our H 2 cooling function, we use that of GP98, but H 2 cooling of the gas is never important, and our results would not change significantly if we were to use the revised cooling rate of Glover & Abel (2008) . The detailed evolution of the various species is plotted in Figs. 2-5. In Fig. 2 , we give the results for H + 2 and H − , Fig. 3 shows the evolution of D + and HeH + , and Fig. 4 the evolution of HD + and D − . For the other species, the results are given in Fig. 5 . For several interesting species, we give the results at z = 100 and z = 10 in tables 1-4, and compare them to the results of GP98, PS07, SSS and the analytical approximations of Anninos and Norman (1996) (Spergel et. al., 2007) . (PS07; HP06; SSS) also refer to ΛCDM universes, while (GP98) refer to a flat CDM universe. and section 3. As the analytic approximations do not take into account the H − channel of H 2 formation, they underestimate the abundance found in the numerical calculation by roughly a factor of 2 at redshift 10.
The results clearly show the typical evolution of primordial chemistry as it is known from previous works. The two main channels for H 2 formation, via H − and H + 2 , are reflected in its cosmic formation history, yielding a first major increase at z ∼ 300, where the relative abundance of H + 2 reaches a maximum, and a second major increase at z ∼ 100, at a maximum of the H − fraction. At redshifts below 5, there is a new rise in the abundance of H + 2 . This is likely an unphysical feature from the fit to the rate, which is not valid below 1 K. However, the real evolution at these low redshifts will in any case depart from our calculation due to reionization, metal enrichment and structure formation, and this feature is not relevant with respect to the CMB. The evolution of the deuterium species essentially follows the evolution of the hydrogen species. Since deuterium and hydrogen are strongly coupled via charge-exchange reactions, they recombine at almost the same time. However, due to the efficient charge-exchange reactions, there is no freeze-out of D + . Instead, its abundance drops exponentially at low redshifts. D − and HD + peak at the same redshifts as H − and H + 2 , and the evolution of HD resembles closely the evolution of H + 2 , as the dominant HD formation channel is given by H 2 + D + → HD + H + . The evolution of HeH + consists of a first phase where its evolution is determined by the effectiveness of photodissociation, and a second phase where it is determined by charge-exchange with neutral hydrogen atoms. Due to the new formation rates presented in section B, formation through stimulated and non-stimulated radiative association of He and H + is almost equally important and in total less effective than found in previous works (PS07; GP98; SLD98).
Numerically, the free electron fraction found in this work roughly agrees with the analytic approximations of Anninos and Norman (1996) and previous results of GP98, while PS07 give a somewhat lower abundance. As the electrons act as catalysts for H 2 formation, this is reflected also in the abundance of molecular hydrogen, and similarly in the abundance of HD , as it is primarily formed by direct deuteration of molecular hydrogen. At z = 100, the H 2 abundance found by HP06 is still more than one order of magnitude below the abundance we find here, due to the effects of non-thermal photons, while at redshift 10, this effect is much less important and their result is only 25% below the value found here. The analytic estimate of Anninos et al. (1997) also underestimates the H 2 abundance at z = 10 by more than a factor of 2, as it does not take into account the H 2 formation via H − . At z = 100, the abundances for D + are of the same order of magnitude, although some differences exist, which may be due to the differences in the rates for the charge-exchange reactions, as well as differences in the abundance of ionized hydrogen. For the HeH + molecule, the abundance is still comparable to previous results at redshift 100, but lower by a factor of 5 at z = 10.
We emphasize here that the abundance of H − is similar to the one found by Black (2006) . The peaks in the abundance at z ∼ 100 and z ∼ 1400 are reproduced, and their height agrees with the results from our calculation when the physical number density given in his paper is converted to the fractional abundance given in Fig. 2 . We estimate the uncertainty from reading off the values of his Fig. 1 to be a factor 2-3, and we point out that this is not sufficient to explain the difference in the optical depth that we find below.
Effects of different species on the cosmic microwave background

Molecular lines
Due to the discreteness of the molecular lines, contributions to the optical depth arise only in narrow redshift intervals of the order ∆z/z ∼ 10 −5 , corresponding to the ratio between the thermal linewidth to the frequency of the transition. Peculiar motions of the order 300 × (1 + z) −1/2 km s −1 may further increase the effective linewidth by one or two orders of magnitude. This has no influence on the results presented here which depend only on the product of ∆z with the profile function that scales with the inverse of the linewidth, but may induce additional anisotropies, as we discuss in section 8. To evaluate Eq. 2 for a given frequency, we compute all the redshift intervals for which the photon frequency lies within an absorption line of the molecule, and add up the contributions from these frequencies. The relative importance of various molecules for the optical depth calculation can be estimated with the formulae of Dubrovich (1994) . The most promising candidate is the HeH + molecule, as it has a strong dipole moment and is formed from quite abundant species. Unfortunately, its destruction rate is very high as well. Another interesting molecule with a strong dipole moment is HD + . However, as a deuterated molecule, it has an even lower abundance. H 2 D + is not considered because it has an even lower abundance (GP98), and H + 3 has both a low abundance and no dipole moment. The other molecule in our chemical network with a non-zero dipole moment is HD. However, its dipole moment is eight orders of magnitude smaller than that of HeH + , and so even though its peak abundance is five orders of magnitude larger, its effects will still be negligible compared to those of HeH + . We therefore do not consider it further. In spite of its strong dipole moment, LiH is also not considered, as it was already shown by Bougleux and Galli (1997) and GP98 that its abundance is lower by roughly 10 orders of magnitude compared to the value assumed by Maoli et al. (1994) , who discussed its potential relevance.
For HeH
+ , we calculate the optical depth by using the large dataset provided by Engel et al. (2005) , which allows one to derive the line cross sections from the Einstein coefficients. The line cross section σ M,i weighted by the level population for a transition from an initial state i with vibrational quantum number v ′′ , rotational quantum number J ′′ and energy E ′′ , to a final state f with vibrational quantum number v ′ and rotational quantum number J ′ is given by
A f i is the Einstein coefficient, ν f i is the frequency at line centre of the transition i, Again, we emphasize that the results are insensitive to the choice of the linewidth. The total cross section σ M is obtained as a sum over all σ M,i . For temperatures between 500 and 10000 K, we use the fit provided by Engel et al. (2005) , while for lower temperatures, we do linearly interpolate between the values in their Table 5 . The factor 1 − exp −h p ν/kT r takes into account the correction for stimulated emission, which is especially relevant for the pure rotational transitions with low frequencies. As discussed in section 2, this must be taken into account as stimulated emission does not change the direction of the emitted photons.
For HD
+ , we use the same formalism as for HeH + , but we determine the partition function from the accurate energy levels given by Karr and Hilico (2006) . Following Shu (1991) , we use the transition moments |D f i | given by Colbourn and Bunker (1976) to determine the Einstein coefficients for the rovibrational lines as
where p is the reduced Planck constant. The Einstein coefficients for the pure rotational transitions are calculated with the dipole moment D 0 = 0.86 Debye of Dubrovich (1994) from
7.2. The negative hydrogen ion.
There are two effects associated with the negative hydrogen ion than can affect the optical depth seen by CMB photons: the bound-free process of photodetachment that has also been discussed by Black (2006) , and free-free transitions that involve an intermediate state of excited H − , i. e.
While the importance of the free-free process is well-known for stellar atmospheres, there has been little work on this process in the low-temperature regime. As the fit formulae given by John (1988) and Gingerich (1961) diverge at low temperatures, we have updated previous work of Dalgarno and Lane (1966) to calculate the free-free absorption coefficient for the low temperature regime as described in appendix A, and we use the fit of John (1988) to the calculation of Bell and Berrington (1987) for Dominik R. G. Schleicher et al.: Effects of primordial chemistry on the cosmic microwave background 9 temperatures higher than 2000 K, where it is accurate within 1%. For the bound-free process, we use the fit of John (1988) to the calculations of Wishart (1979) . The treatment regarding absorption, spontaneous and stimulated emission is based on the expressions of Ruden, Glassgold and Shu (1990) , but with the updated cross sections mentioned above. Apart from the usual optical depth due to absorption, we introduce also effective optical depths due to stimulated and spontaneous emission. The following expressions have to be evaluated for the redshift z, and the frequency dependence is suppressed for simplicity. Of course, we emphasize that the observed frequencies at z = 0 must be related correctly to the physical frequencies at higher redshifts. As usual, the contribution to absorption is given as
where ds is the cosmological line element, σ b f the cross section for the bound-free transition and n H − the number density of H − . We further introduce the Planck spectrum B T (ν) of temperature T and frequency ν. The contribution to the effective optical depth from stimulated emission is then given as
where the LTE abundance (n H − ) LT E of H − is given as
where
is the thermal de Broglie wavelength and ν 0 = 0.754 eV the binding energy of H − . Note that the LTE abundance must be used here, as the processes of spontaneous and stimulated emission depend on the actual density of electrons and hydrogen atoms, and in general the correction for stimulated emission cannot be included as a factor of (1 − exp(−hν/kT )) unless the H − ion has its LTE abundance (Ruden, Glassgold and Shu, 1990) . The effective optical depth due to spontaneous emission is further given as
For the free-free effect, stimulated emission is already included in the rate coefficients a ν (T ) given by John (1988) , which are normalized to the number density of neutral hydrogen atoms and the electron pressure. The effective contributions to the optical depth from absorption and emission are then given as
The absorption by free-free transitions is thus proportional to a black-body spectrum for the radiation temperature, while the emission produces a spectrum determined by the gas temperature. In the following, we will refer further to the optical depth from absorption, which we define as
and the effective optical depth which includes the corrections for emission. While the optical depth due to absorption, τ abs , is essentially responsible for photon scattering and a change in the power spectrum according to Eq. (5), the effective optical depth τ e f f leads to a net change in the radiation flux. The resulting change in the CMB temperature can be obtained by a linear expansion as
where we have introduced a frequency dependent correction factor f (ν), which can be evaluated to first order as
7.3. The negative helium ion.
He − is to some degree similar to the H − . However, only the freefree process contributes in practice, as any bound states autoionize on a timescale of the order of hundreds of microseconds (Holøien and Midtal, 1955; Brage and Froese Fischer, 1991) . Thus, we take into account only the free-free process, which can be treated in the same way as for H − . We approximate the corresponding free-free coefficient by a power law proportional to ν −2 and normalize with the data given by John (1994) . Such a treatment should be sufficient up to frequencies of 1000 GHz, and thus for the frequency range interesting for the Planck satellite.
Photodissociation of HeH
+ .
We used detailed balance to determine the photodissociation cross section from inverse reaction. The latter is essentially determined by several narrow resonances, which have been tabulated by Zygelman, Stancil and Dalgarno (ZSD98) . The photodissociation cross section is thus given as the sum over resonances i as
where the parameters E r,i , Γ r,i and Γ i can be read off from Table  2 of ZSD98, and E 0 is the photodissociation threshold for HeH + . From Dubrovich (1997), we adopt the value E 0 = 1.85 eV. The resulting photodissociation cross section is displayed in Fig. 6 . We consider only absorption, as it is sufficient to rule out the contribution from this molecule with respect to Planck.
Observational relevance and results
As discussed in section 2, the optical depth from resonant scattering can effect the CMB by a change in the power spectrum according to Eq. (5), and it may also produce secondary anisotropies. We neglect the latter effect for the moment, as it is suppressed by the ratio of the peculiar velocity over the speed of light. To quantify the importance of HeH + and HD + for a change in the power spectrum, we have calculated the optical depth and corrected for stimulated emission as described in the previous subsection. The results are given in Figs. 7 and 8. We find that the correction for stimulated emission is especially important for the lower frequencies of the pure rotational transitions. As explained by Basu, Hernández-Monteagudo and Sunyaev (2004) , the sensitivity is not limited by cosmic variance when power spectra at different frequencies are compared, but the limit from instrumental noise corresponds to optical depths of 10 −5 for the high-frequency bins. Thus, the signal is likely Fig. 10 . The relative change in the CMB temperature due to the presence of H − . We further plot the optical depths due to absorption, spontaneous and stimulated emission for the bound-free process, as their overlap explains some features in the temperature change.
below the sensitivity of the Planck satellite by two orders of magnitude, but reasonable upper limits on the abundance of HeH + are feasible. From Figs. B.1.a and B.2.a in the appendix, we estimate the uncertainty in the formation rate to be a factor of 2, while the destruction rate might be larger by up to an order of magnitude, if the old values of Roberge and Dalgarno (RD, 1982) are adopted. This defines the main uncertainty in this result. Even with an improved instrumental sensitivity, very accurate foreground subtraction would be required and may create additional noise. Fig. 9 shows the optical depth due to absorption by several free-free and photodestruction processes. We find that it is dominated at low frequencies by the free-free contributions of H − , and at high frequencies by the bound-free process of H − . The optical depth from the free-free processes of H − and He − is essentially proportional to ν −2 , at least for frequencies smaller than 1000 GHz. This is essentially due to the characteristic frequency dependence in the absorption coefficient. Due to the approximation used for the He − free-free absorption coefficient, the corresponding optical depth is somewhat overestimated for larger frequencies, but it is still only a subdominant contribution to the total optical depth. The effect from the bound-free transition dominates, but is significantly lower than previously reported by Black (2006) , and the reason for this discrepancy is not obvious: as pointed out in section 6, our H − abundance agrees with his within a factor of 2 or 3, whereas the optical depth at high frequencies is different by three orders of magnitude. Although we have been unable to identify the reason for this disagreement, we have carefully checked our result and are confident that it is correct.
As discussed in section 2, photodestruction and free-free processes can change the net number of CMB photons. The calculated change in the CMB temperature due to the free-free and bound-free effect is given in Fig. 10 , and depends on the effective optical depth defined in equation (31). The change in the temperature due to the free-free transition is significantly lower than the absorption optical depth in Fig. 9 , as the main contribution to the absorption optical depth comes from high redshifts z > 300, where the difference between radiation and gas temperature is very small and the optical depth due to absorption and emission balance each other. For the bound-free transition, the absorption is balanced to some extend by the spontaneous emission, and for frequencies larger than 1000 GHz, spontaneous emission in fact dominates, as the CMB flux at these frequencies is low by comparison. Near 150 and 1000 GHz, the contributions from spontaneous emission and absorption due to the bound-free process in fact become equal, making the net effect almost zero in a small frequency range.
The net change in the CMB temperature due to the free-free and bound-free processes of H − is small because absorption and emission processes are close to equilibrium. The optical depth due to absorption is thus considerably higher than the effective optical depth defined in Eq. (31), and can lead to a change in the power spectrum according to Eq. (5). Finally, we note that at redshifts where reaction 2 of Table B .1 dominates the destruction of H − , there is an uncertainty of up to an order of magnitude in our predicted H − abundance, owing to the uncertainty in the rate of reaction 2 discussed in detail in Glover, Savin & Jappsen (2006) . However, this uncertainty does not appear to significantly affect the size of our predicted signal, as the dominant contribution comes from redshifts at which reaction 2 is unimportant.
Discussion and outlook
We have provided a detailed network for primordial chemistry and solved for the evolution in the homogeneous universe, and we examined the various ways in which primordial species can influence the CMB. The detailed calculation in the previous sections suggests that the H − ion is only one order of magnitude below the detection threshold and strong upper limits on its abundance seem feasible, even though an accurate subtraction of frequency-dependent foregrounds will be required for this purpose. The relative deviations of the CMB from a pure blackbody have been constrained by Mather et al. (1994) ; Fixsen et al. (1996) to less than 1.5 × 10 −5 . Distortions are also expected due to the two-photon process during recombination and the helium and hydrogen lines (Rubiño-Martín, Sunyaev, 2006, 2007) . Finestructure transitions in heavy elements are also expect to produce some scattering after recombination (Basu, Hernández-Monteagudo and Sunyaev, 2004 ). An accurate measurement of distortions in the CMB and a precise measurement of the CMB power spectrum can thus improve our understanding of various processes during and after recombination if an accurate foreground subtraction is feasible. Given the tiny change in the CMB temperature found in this work, we further conclude that detecting the change in the power spectrum caused by scattering (see Eq. (5)) is the most promising way to obtain constraints on the chemistry of the dark ages by future CMB experiments.
So far, we have only taken into account effects arising from the homogeneous universe. One might argue that the molecular abundances could be very different if there were a protogalaxy at the redshift of resonance. In fact, the redshift intervals for which resonance occurs are very narrow, corresponding to some 100 pc. This might be further increased by peculiar motions and local turbulence. Núñez-López, Lipovka and Avila-Reese (2006) demonstrated that HD in cold collapsed clouds can lead to a strong local fluctuation of the order 10 −5 . Given the small volume fraction of such clouds, we neglect their impact in the present paper, although we will examine the effect of such inhomogeneous fluctuations in future work. Dubrovich (1997) suggested luminescence as an additional effect that may amplify the signal and lead to a strong frequency dependence. This effect is well-known for stars in reflection nebulae. It occurs at redshifts z = 300−100, where the rotational lines lie in the extreme Rayleigh-Jeans wing of the CMB and the first vibrational line near its maximum. Inelastic scattering in local velocity fields might thus provide much stronger frequency-dependent fluctuations. It is convenient to estimate the effect with the formula given by Dubrovich (1997) :
where f m is the fractional abundance of the molecule, V p the peculiar velocity which can be estimated as V p = V p (0)/ √ 1 + z, V p (0) = 600 km/s, and the quantity (∆T r /T r ) 0 can be conveniently read off from Fig. 2 of Dubrovich (1997) . For HeH + , it yields a maximum effect of roughly ∆T r /T r ∼ 10 −11 , and ∆T r /T r ∼ 10 −12 for HD + , which are clearly below the sensitivity of the Planck satellite.
As discussed by Launay, Le Dourneuf and Zeippen (1991) , H 2 is in general formed in excited states, but quickly decays into the ground state. Thus, H 2 formation produces additional photons that may lie within the CMB radiation and thus produce distortions to the blackbody radiation. Prelimary estimates based on the transition between the first excited vibrational state and the ground state indicate that the effect yields a relative change in the CMB temperature of the order 10 −15 , and is thus negligible.
At the end of the dark ages, reionization will dramatically change the chemical evolution of the intergalactic gas, and produce large regions of ionized gas. In such regions, other formation channels for molecules could be relevant, like He + + H → HeH + + γ. The reaction rate of this channel is four orders of magnitude larger than the radiative association of H + and He. On the other hand, the influence of destruction processes, such as dissociative recombination and photodissociation, will also be enhanced. The details of the evolution will also depend on the ratio of stellar to quasar sources and the details of the transition from Pop III to Pop II stars. A detailed analysis of this contribution is beyond the scope of this work, but clearly there is the possibility that this epoch could further increase the optical depths of HeH + and H − . Other contributions may arise from heavy elements at low redshift. Basu, Hernández-Monteagudo and Sunyaev (2004) , Hernández-Monteagudo, and Basu (2007) suggested that one could use the change in the power spectrum of the CMB to constrain the chemical evolution of the low redshift universe. In fact, during the formation of metals and in early star forming regions, additional effects may occur that leave an interesting imprint in the CMB. As described by , oxygen pumping may change the CMB temperature in metal enriched environments in a similar way as the Wouthuysen-Field effect that is well-known from 21 cm studies (Wouthuysen, 1952; Field, 1958) , and the inhomogeneous distribution of metallicity in bubble-like structures may influence the CMB power spectrum as described by Hernández-Monteagudo et al. (2008) . Hernández-Monteagudo, Rubiño-Martín and Sunyaev (2007) further studied the effect of resonant scattering during reionization and recombination. In addition, star-forming regions may perturb the primordial signal through dust and molecular emission, especially CO (Righi, Hernández-Monteagudo and Sunyaev, 2008b,a) . Such a potentially rich phenomenology will of course require a very careful analysis and a clear assessment of the different frequency dependences of various effects once the required sensitivity is reached. In the mean time, the increasing sensitivity in instruments like Planck (Bersanelli et al., 1996) , the South Pole Telescope 5 (Ruhl et al., 2004) and the Atacama Cosmology Telescope 6 (Fowler et al., 2005) will allow at least to set upper limits that may constrain theories involving the dark ages, reionization and recombination.
Stimulated radiative association of He and H + The rate of stimulated radiative association depends on the background radiation, which is assumed to be a blackbody like the CMB. It thus depends both on the gas temperature T and the radiation temperature T r . It has been computed by JSK95 and ZSD98 and can be fitted for 10 K < T < 10 4 K with the formula 3.2 × 10 −20 T 1.8 (1. + 0.1(T/1 K) 2.04 ) −1 exp(−T/4000 K)(1. + 2 × 10 −4 (T r /1 K) 1.1 ) cm 3 s −1 . The rate is plotted for various radiation temperatures in Fig. B.1 .b.
Photodissociation of HeH
+ into He and H + This rate can be determined from detailed balance of the reverse reaction (radiative association). Using the rate of JSK95 for radiative association yields a photodissociation rate slightly different from GP98: 220(T r /1 K) 0.9 exp(−22740 K/T r ) s −1 (c.f. Fig. B.2 .a).
Proton transfer: HeH + + H → He + H + 2 GP98 adopted a constant rate for this reaction, which was based on a rate determination by Karpas, Anicich and Huntress (KAH79) using the ion cyclotron resonance technique. A numerical integration of the new cross sections of LJB95 allows to give an improved rate with a slightly lower value, which can be fitted for 10 2 K < T < 10 5 K, yielding 0.69 × 10 −9 (T/300 K) 0.13 exp(−T/33100 K) cm 3 s −1 (see Fig. B .2.b). 7
7 Note the discrepancy with SLD98, who find a rate for the proton transfer reaction of HeH + which is larger by a factor of 1.5. B.1. Collisional and radiative rates. T denotes the gas temperature in Kelvin, T eV the gas temperature in eV, T r the temperature of radiation in K. dex(x) = 10 x . Acronyms: AAZN97: Abel, Anninos, Zhang, ), CCDL07: Capitelli, Coppola, Diomede, Longo (2007 , GJ07 : Glover and Jappsen (2007) , GP98 : Galli and Palla (1998) , GP02: Galli and Palla (2002) , JSK95: Juřek,Špirko, , LJB95 : Linder, Janev, Botero (1995) , LSD02: Lepp, Stancil, Dalgarno (2002 ), MSM96: Martin, Schwarz, Mandy (1996 ), PSS83: Péquignot, Petitjean, Boisson C. (1991 ), SKHS04b: Savin, Krstic, Haiman, Stancil (2004 , SLD98 : Stancil, Lepp, Dalgarno (1998) , TT02: Trevisan and Tennyson (2002) , ZDKL89 : Zygelman, Dalgarno, Kimura, Lane (1989 ), ZSD98: Zygelman, Stancil, Dalgarno (1998 B.1. Collisional and radiative rates in cgs units. T denotes the gas temperature in Kelvin, T eV the gas temperature in eV, T r the temperature of radiation in K. dex(x) = 10 x . Acronyms: AAZN97: Abel, Anninos, Zhang, ), CCDL07: Capitelli, Coppola, Diomede, Longo (2007 , GJ07 : Glover and Jappsen (2007) , GP98 : Galli and Palla (1998) , GP02: Galli and Palla (2002) , JSK95: Juřek,Špirko, , LJB95 : Linder, Janev, Botero (1995) , LSD02: Lepp, Stancil, Dalgarno (2002 ), MSM96: Martin, Schwarz, Mandy (1996 ), PSS83: Péquignot, Petitjean, Boisson C. (1991 ), SKHS04b: Savin, Krstic, Haiman, Stancil (2004 , SLD98 : Stancil, Lepp, Dalgarno (1998) , TT02: Trevisan and Tennyson (2002) , ZDKL89 : Zygelman, Dalgarno, Kimura, Lane (1989 ), ZSD98: Zygelman, Stancil, Dalgarno (1998 
